GroEL and GroES and facilitates ATP-dependent protein folding in vivo and in vitro. Proteins with very similar sequences and structures can differ in their dependence on GroEL for efficient folding. One potential but unverified source for GroEL dependence is frustration, wherein not all interactions in the native state are optimized energetically, thereby potentiating slow folding and misfolding. Here, we chose enhanced green fluorescent protein as a model system and subjected it to random mutagenesis, followed by screening for variants whose in vivo folding displays increased or decreased GroEL dependence. We confirmed the altered GroEL dependence of these variants with in vitro folding assays. Strikingly, mutations at positions predicted to be highly frustrated were found to correlate with decreased GroEL dependence. Conversely, mutations at positions with low frustration were found to correlate with increased GroEL dependence. Further support for this finding was obtained by showing that folding of an enhanced green fluorescent protein variant designed computationally to have reduced frustration is indeed less GroEL-dependent. Our results indicate that changes in local frustration also affect partitioning in vivo between spontaneous and chaperonin-mediated folding. Hence, the design of minimally frustrated sequences can reduce chaperonin dependence and improve protein expression levels.
The Escherichia coli GroE chaperonin system, which comprises GroEL and GroES, facilitates protein folding in vivo and in vitro in an ATP-dependent manner (1) (2) (3) (4) . GroEL consists of 14 identical subunits that form two back-to-back stacked heptameric rings with a cavity at each end (5) . Capping of the cavity by GroES, which is a homoheptameric single ring, forms a compartment in which protein folding can take place in isola-tion from bulk solution. The volume of this compartment is ϳ175,000 Å 3 (6) and, thus, large enough to accommodate substrate proteins that are up to 60 kDa in size. Despite more than two decades of intensive research, it is still not clear how GroEL assists folding and what distinguishes GroE substrates from all other E. coli proteins (7) . Early in vitro experiments suggested that GroEL is extremely promiscuous because it binds a very wide range of E. coli proteins (8) and also artificial polypeptides with random sequences (9) . Theoretical considerations indicated, however, that under normal conditions, the amount of GroEL and GroES in an E. coli cell is sufficient to assist in the folding of only ϳ5% of its proteins (10) . In agreement with this prediction, later experimental work (11, 12) showed that the GroE system is indeed essential for the folding in vivo of only a relatively small subset (Ͻ100) of E. coli proteins, which are therefore referred to as obligatory substrates.
It has remained unclear, however, which features, other than the upper size limit, distinguish obligatory GroE substrates from all other E. coli proteins. Such features may include (i) sequence motifs and structural properties of non-native states such as exposed hydrophobic residues that confer (or allow) binding to GroEL and/or (ii) properties that render a protein GroE-dependent in the first place (e.g. propensity to aggregate). A suggestion for the first type of features was based on the fact that the mobile loops of GroES compete with protein substrates for binding to the cleft between helices H and I in the apical domains of GroEL. Hence, it was proposed that GroEL substrates contain sequences similar to the GroES mobile loops, which are separated by 10 -23 residues and become exposed in non-native states (13, 14) . Later work showed, however, that this feature is not strongly enriched in GroE substrates (7) . A suggestion related to the second type of features was that GroE substrates have lower folding propensities, i.e. fewer hydrophobic amino acids relative to charged ones, compared with GroEL-independent proteins (15) (16) (17) . Although true on average, this feature was also found to be an unreliable predictor of GroE dependence (7) . Another observation that is likely to be related to the second type of features is that obligate substrates are enriched by ϳ4-fold in proteins belonging to the TIM barrel fold relative to their frequency among all soluble E. coli proteins with an identifiable fold (11) . Given that GroEL does not recognize the native state of TIM barrels (nor of other proteins), it is clear that the GroE dependence of TIM barrel substrates is conferred by other properties associated with TIM barrels, such as folding rates, structures of folding intermediates, or aggregation propensities, and not by the TIM barrel fold itself.
It should be noted, however, that TIM barrels are not universally found to be GroE substrates. YagE (an aldolase involved in formation of 2-keto-3-deoxy-galactonate) and DapA (dihydrodipicolinate synthase), for example, are both TIM barrels with sequences that share 27% identity and 46% similarity, and structures that can be superimposed with a root-mean-square deviation (RMSD) 4 of ϳ1.5 Å, but DapA is an obligate substrate (12, 18) , whereas YagE is not. Identifying universal features for distinguishing between GroE substrates and non-substrates has remained, therefore, a challenge.
Given this lack of understanding of the determinants of GroE dependence, we reasoned that insight into this problem could be gained by generating a collection of proteins that have very similar sequences (and structures) but different GroE dependences. We decided to use eGFP as a model system because (i) it folds in a GroEL-dependent manner (19) , although it is not an E. coli protein; and (ii) fluorescence-based screens for its folding properties can be easily designed. We generated fluorescent eGFP variants with 1-3 random mutations, along with a designed variant containing 11 mutations, which have altered GroEL dependence compared with wild-type eGFP. Strikingly, we found that the changes in GroEL dependence upon mutation can be explained using the concept of folding frustration (20, 21) and a measure of it put forward by Wolynes and coworkers (22) . Frustration arises when different potentially stabilizing interactions in a protein are not satisfied concurrently. We show that such conflicting interactions, which lead to a rugged folding energy landscape with kinetic traps, can shift the kinetic partitioning from folding toward chaperone binding. Our results therefore provide a direct link between frustration in protein folding and chaperonin function in vivo.
Results and discussion

In vivo screening for eGFP variants with altered GroEL dependence of folding
Error-prone PCR was used to generate a collection of eGFP variants each with 1-3 random mutations. In addition, one variant of eGFP with 11 mutations was obtained using the recently developed PROSS algorithm for designing proteins with increased stability and solubility (23) . The randomly generated and designed variants of eGFP were then screened for changes in the dependence on GroEL for folding by using the E. coli MGM100 strain in which the chromosomal GroEL and GroES genes are under control of the arabinose promoter (18) . In these cells, arabinose induces GroE expression and glucose suppresses it. Hence, in the presence of glucose, clones expressing eGFP variants that are less GroEL-dependent were expected to have higher folding yields of eGFP and, thus, become more fluorescent than clones expressing the wild-type eGFP. Conversely, clones expressing eGFP variants that are more GroEL-dependent were expected to contain less folded eGFP and, thus, be less fluorescent than clones expressing the wild-type eGFP, when arabinose is replaced by glucose. Using this screen for GroEL dependence in vivo indicated, for example, that the Q204H mutant is unchanged relative to wild-type eGFP ( Fig. 1A) , whereas the T97I/F114I double mutant is more GroEL-dependent ( Fig. 1B) , and the P58S mutant and the PROSS-designed variant, des11, are less GroEL-dependent Figure 1 . Screening for eGFP mutants whose folding displays increased or decreased GroEL dependence. E. coli MGM100 cells expressing either mutant or wild-type eGFP were spotted on LB plates containing 100 g/ml ampicillin, 50 g/ml kanamycin, 0.5 mM isopropyl ␤-D-thiogalactopyranoside, and either 0.1% arabinose or 0.1% glucose, which induce or block GroE expression, respectively. The plates were scanned after incubation using a fluorescence imager as described under "Experimental procedures." Representative plates are shown in which two colonies expressing wild-type eGFP were spotted in the bottom halves, and two colonies expressing different mutants with similar (A), increased (B), and decreased (C and D) GroEL dependence were spotted in the upper halves. The mutants in A-C were obtained by random mutagenesis and screening, whereas des11 in D was obtained by design as described (23) . The fluorescence intensities of clones that express mutant or wild-type eGFP and that were grown on the same plate were compared to screen for changes in GroEL dependence. Interplate differences in fluorescence intensity are due to adjustments of the scanner and have no biological significance.
Frustration affects GroEL-dependent folding (Fig. 1, C and D) . Overall, we identified in this manner 30, 6, and 6 mutants with apparently unchanged, higher, or lower GroEL dependence, respectively (supplemental Table S1 ). Four of these mutants with a seemingly higher GroEL dependence, and six (including the designed variant) with a GroEL dependence that appears to be decreased, were selected for further study (Table 1 ) because they displayed the most striking phenotypes.
In vitro analysis of kinetic partitioning of the eGFP variants between spontaneous folding and GroEL binding
The above in vivo screen was based on the assumption that changes in fluorescence levels reflect changes in folding yields. In principle, however, changes in fluorescence might also reflect other factors such as protein expression levels or the properties of the chromophore. To validate the results of the in vivo screen and obtain more quantitative data, the GroEL dependence of selected eGFP variants was also determined in vitro. The in vitro assay was based on the recognition that GroEL substrates differ from non-substrates in their kinetic partitioning between (i) binding to GroEL and (ii) spontaneous folding and/or aggregation. Substrates must not only contain certain structural/sequence GroEL recognition motifs but also fold (or aggregate) relatively slowly to allow binding to GroEL. Given that the kinetic partitioning between binding to GroEL and spontaneous folding (and/or aggregation) depends on GroEL concentration, we denatured wild-type eGFP and the mutant variants and then measured their initial rates of refolding as a function of GroEL concentration. For most of the variants (including wild-type eGFP, the Q204H and P58S single mutants and the T97I/F114I double mutant; (Fig. 2 , A-C), excellent fits of the data were obtained using Equation 1 that describes partitioning between folding and reversible binding to GroEL. The folding of these mutants was completely inhibited in the presence of excess GroEL (kЈ f /k f ϭ 0; Table 1 ), thereby indicating that they are unable to fold when they are GroEL-bound. For two variants, however, S30R (supplemental Fig. S1 ) and des11 ( Fig. 2D ), good fits of the data required using Equation 2, according to which folding can take place both spontaneously and in association with GroEL (24). These fits revealed that the rate constants for folding in association with GroEL of the S30R and des11 mutants are lower than those for their spontaneous folding by factors of 50 and 10, respectively ( Table 1) . Importantly, the S30R mutation was shown previously to enhance the folding of GFP (25) , in agreement with the other findings here that faster folding reduces GroEL dependence. The fits of the data ( Fig. 2 and supplemental Fig. S1) using Equations 1 and 2 also yielded estimates of the binding constants for the interaction of the eGFP variants with GroEL (Table 1) . Strikingly, complete agreement was found between the in vivo screen results and the in vitro assays, i.e. eGFP variants showing decreased or increased GroEL dependence in the in vivo screens were found to have respectively lower or higher affinities for GroEL (Table  1 ). In the case of the N23K/D234H double mutant and N144I/ P211L/N212K triple mutant, very tight binding to GroEL results in large errors in the estimates of the binding constants, which are therefore not given in Table 1 . More generally, these results indicated that relatively conservative and even single mutations can have widely differing effects on protein substrate affinity for GroEL, with concomitant effects on the extent of GroEL dependence of folding, and that the PROSS-designed variant displays the least GroEL dependence.
Thermal stabilities of the eGFP variants
Native-state stability is directly proportional to the folding rate and inversely proportional to the unfolding rate. According to the kinetic partitioning mechanism, decreased GroEL dependence is predicted to be associated with faster folding rates and, thus, also with increased stability of the native state if the mutational effects on the unfolding rates are relatively small. A correlation between GroEL dependence and protein stability was also expected given that des11, which displays the least GroEL dependence among our eGFP variants, was computationally designed to be more stable. To test for such a correlation, stability measurements for the eGFP variants were carried out by monitoring changes in the far ultraviolet CD signal at 218 nm as a function of increasing temperature (supplemental Fig. S2 ). In general, eGFP variants with decreased or increased GroEL dependence were indeed found to have higher or lower appar- Table 1 Binding
parameters, thermal stabilities, and local frustration values of eGFP variants
The kinetic parameters were determined from fits to Equations 1 and 2 as described under "Experimental procedures" and the thermal stabilities as described before (30) . The thermal melts were carried out in duplicate, and T m values Ϯ standard deviations are reported. ͓U͔ T is the total concentration of unfolded eGFP, K is the dissociation constant for the unfolded protein with GroEL, and k f and kЈ f are the rate constants of spontaneous folding and folding in association with GroEL, respectively. The frustration values were calculated for wild-type eGFP using its crystal structure (PDB code 4EUL). Frustration affects GroEL-dependent folding ent melting temperatures (T m ), respectively ( Table 1 ). The only exception is the P58S mutant, which has decreased GroEL dependence but is less stable than wild-type eGFP. The decreased GroEL dependence of this mutant may be due to elimination of a slow folding phase associated with cis/transprolyl isomerization, as shown before for a TIM barrel protein (26) . A larger increase in the rate constant for unfolding than that for folding may, therefore, accounts for the lower stability of this mutant. The T m of two other mutants, N23K/D234H and N144I/P211L/N212K, could not be determined because of aggregation, in agreement with their increased GroEL dependence seen in the in vivo assays and tighter binding to GroEL in the in vitro assays.
Class
GroEL dependence of eGFP folding correlates with frustration
Frustration in protein folding is reflected in a rough folding energy landscape with local minima that result in a slower folding rate (21) . Our results indicating that slower folding rates are associated with increased GroEL dependence therefore led us to hypothesize that mutational effects on GroEL dependence were due to changes in local frustration. We tested this hypothesis using the Frustratometer web server, which quantifies the extent of local frustration in an input structure by computing the contribution of a residue to the native state energy relative to its contribution in a set of decoys in which, for example, neighboring amino acids are replaced (22) . In cases of eGFP variants with more than one mutation, the extent of frustration was determined by summing the frustration values for all the mutated positions. The relationship between local frustration values and the cumulative extent of frustration is not known. The additivity assumption may, however, be justified in this case because most of the mutated positions in each of the variants are distant from each and thus likely to contribute to frustration in an independent manner. We found that decreased GroEL dependence is linked to mutations of frustrated residues, i.e. with an average negative frustration value of Ϫ0.64 Ϯ 0.33. Conversely, increased GroEL dependence is associated with mutations of residues that are minimally frustrated, i.e. with an average positive frustration value of 1.31 Ϯ 0.79 (Table  1 and supplemental Table S1 ). The 30 mutations that did not affect GroEL dependence were found to be at positions with a near-neutral average frustration value of 0.18 Ϯ 0.80, i.e. with an average value close to zero as expected, but with a large spread that reflects exceptions. One such exception is the Q204H mutation (Table 1) , which has little effect on GroEL dependence but occurs at a moderately frustrated position. Such exceptions arise, according to our interpretation, because frustration determines the potential for a change in GroEL dependence upon mutation but the effect of the mutation in practice is also a function of the mutation type. A conservative mutation at a frustrated position, for example, is less likely to lead to a change in GroEL dependence than a non-conservative one. Overall, our findings suggest that changes in GroEL dependence upon mutation could be predicted from the levels of frustration of the mutated positions. eGFP contains 14 highly frustrated residues (i.e. residues with a frustration index Յ Ϫ1 (22)), of which 7 were identified 
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in the in vivo screen and 2 are at core positions (only one of these 14 residues, Asn 105 , is mutated in des11). To further test the reliability of frustration as a predictor we therefore determined the effects of mutating to alanine the five remaining highly frustrated residues in eGFP (i.e. the residues which had not been identified in the in vivo screen and are not buried) and one additional residue with a frustration value of Ϫ0.975. Despite uncertainty whether replacement by alanine is the best choice of mutation(s), we found that all the six single mutants displayed reduced GroEL dependence as reflected in weaker affinities for GroEL ( Table 2) . We also tested a variant with all six alanine mutations in combination but this variant failed to express, likely because multiple alanine substitutions are not compatible with the ␤-barrel structure of eGFP. We concluded that even a relatively simple strategy of introducing point mutations to alanine at frustrated positions could reduce GroEL dependence.
Differences in frustration can explain why homologous proteins can differ in the GroEL dependence of their folding
Collectively, the observations above suggested a correlation between local frustration and GroEL dependence. We next asked whether this correlation could explain observations regarding the GroEL dependence of folding of other proteins. We therefore searched for pairs of proteins that have similar sequences and structures but differ in the GroEL dependence of their folding. One such pair of proteins comprises E. coli and mouse DHFR, which have sequences with 27% identity and 44% similarity and structures that can be superimposed with an RMSD of ϳ1.9 Å. Despite their structural similarity, mouse DHFR interacts strongly with GroEL, whereas E. coli DHFR does not (27) , but overall, mouse DHFR is less frustrated than its E. coli homolog (Fig. 3A) . Interestingly, however, grafting loops 1 and 3 of mouse DHFR, which contain frustrated residues, into E. coli DHFR converts the latter into a GroEL-interacting protein, whereas grafting loop 2, which does not contain any frustrated residues, has no effect (27) . Plots of the local frustration as a function of sequence for YagE, which is not GroEL-dependent, and DapA, which is an obligate substrate (12, 18) , are much more similar to each other (RMSD ϭ 0.34; Pearson's r ϭ 0.49; Fig. 3B ) than those for mouse and E. coli DHFR (RMSD ϭ 0.49; r ϭ 0.22; Fig. 3A) . The frustration plots for a third pair of proteins that comprises the obligate substrate NanA from E. coli (11, 12) and its homolog in Mycoplasma synoviae, an organism that lacks the GroE system, are also more similar than those for mouse and E. coli DHFR (RMSD ϭ 0.44; r ϭ 0.35; Fig. 3C ). These two proteins have sequences with 32% identity and 55% similarity and structures that can be superimposed with an RMSD of ϳ1.9 Å. Despite the relatively high similarity in the respective plots for the latter two pairs of proteins (Fig. 3, B and C) , there are regions (marked by arrows in Fig. 3, B and C) that are frustrated in the substrates DapA and NanA but not in their non-substrate homologs and thus might account for the differences between them in GroEL dependence. Taken together, the above comparisons indicate that GroEL dependence may be due to highly frustrated regions in proteins and not to their overall frustration.
Implications for engineering protein stability and solubility
Increasing the stability of a protein can be achieved by increasing its folding rate, decreasing its unfolding rate, or both. It is usually difficult, however, to determine from theoretical considerations whether success in increasing protein stability by computational design is achieved because of changes in folding or unfolding rates (or both). Importantly, similar gains in protein stability caused by changes in folding versus unfolding rates can have very different consequences in vivo because of kinetic partitioning between folding and competing processes such as aggregation and chaperone binding, some of which may be irreversible. A gain in stability caused by faster folding will also favor partitioning in favor of the native state over other states due, for example, to aggregation or misfolding, thereby increasing folding yields in vivo. The PROSS algorithm (23) has already been shown to be powerful in increasing folding yields in vivo, in some cases generating variants with 3 orders of magnitude higher bacterial expression levels than wild type. The design reported here of an eGFP variant, des11, that is less GroEL-dependent provides additional evidence that the success of PROSS in optimizing protein stability is due, at least in part, to increasing folding rates. It also indicates that this is achieved by minimizing folding frustration. It is interesting to note in this connection that one of the steps in the PROSS algorithm involves scanning single amino acid replacements at each position and selecting those that increase the stability of the native state compared with wild type; this step is conceptually very similar to the method used by the "Frustratometer" to detect frustrated residues.
Concluding remarks
In summary, the work described here indicates that differences in GroEL dependence between proteins with very similar sequences and structures can be attributed to changes in local frustration. Significant differences in local frustration also appear to account for the differences in GroEL dependence between several other highly similar protein pairs, although the overall average frustration is not an indicator. It is likely that other factors that affect folding rates, such as chain length and contact order, may also determine GroEL dependence. More extensive experimental work on other proteins is needed to determine the extent of frustration's predictive value. Recently, it 
Effects of alanine mutations at highly frustrated positions in eGFP on its GroEL-dependent folding
The initial rates of refolding of the eGFP variants were measured as a function of GroEL concentration (supplemental Fig. S1 ), and the data were fitted using Equation 1 or, in the case of the N105A mutant, Equation 2. The fits yielded estimates for the values (Ϯ S.E.) of the dissociation constants, K, for the interaction of the eGFP variants with GroEL and the ratio between the rate constants of folding in association with GroEL and spontaneous folding, kЈ f /k f . The frustration values were determined using the Frustratometer server (22) Frustration affects GroEL-dependent folding was shown that highly frustrated regions in the colicin immunity protein Im7 are involved in its interaction with the ATP-independent chaperone Spy (28) . It remains to be established, however, whether local frustration is important also for the in vivo interaction of substrates with Spy and for substrate interactions with other ATP-dependent and -independent chaperone systems.
Experimental procedures
Molecular biology
All the mutagenesis and cloning were carried out using restriction-free cloning (29) and confirmed by DNA sequencing of the entire genes. The gene for eGFP with an N-terminal His 6 tag was inserted into the pMALc2 plasmid using the forward and reverse primers 5Ј-TCACCAACAAGGACCATAGCA-TCTCGAGATGCATCACCATCACCATCACC-3Ј and 5Ј-TATCAGGCTGAAAATCTTATCAAGCTTTTACTTATAC-AGCTCGTCCATGC-3Ј, respectively. The genes for wild-type eGFP and its mutants were then transferred from pMALc2 to pET21a using the forward and reverse primers 5Ј-TGTTTAA-CTTTAAGAAGGAGATATACATATGCATCACCATCAC-CATCACC-3Ј and 5Ј-CAGTGGTGGTGGTGGTGGTGCTC-GAGTTTACTTATACAGCTCGTCCATGC-3Ј, respectively. 
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The primers designed for the single point mutations in the eGFP gene are provided in supplemental Table S2 .
Error-prone PCR-mediated mutagenesis
Error-prone PCR-mediated mutagenesis was performed using the GeneMorph II random mutagenesis kit (Agilent Technologies). Briefly, 500 -1000 ng of plasmid DNA (pMALc2 containing the gene for eGFP) was mutagenized by PCR according to the manufacturer's protocol for a low mutation frequency (0 -4.5 mutations/kb) using the forward and reverse primers 5Ј-CAATTTCACACAGGAAACAGCCAG-TCC-3Ј and 5Ј-CCGCCAGGCAAATTCTGTTTTATCAGAC-3Ј, respectively. PCR products were separated by gel electrophoresis and purified using a gel extraction kit (Qiagen). The purified PCR products were then used as megaprimers for whole plasmid amplification and integration (29) into the pMALc2 vector. Following the whole plasmid amplification, the product was digested with DpnI and transformed into E. coli DH5␣ cells. Plasmids from single colonies were purified using QIAprep spin miniprep kit (Qiagen). The entire eGFP genes of interest were sequenced after screening using the E. coli MGM100 strain (18) .
Design of the eGFP variant des11
eGFP (PDB code 2WUR, chain A) was submitted to PROSS (23) , an algorithm for designing stable protein variants available as a web server (http://pross.weizmann.ac.il). 5 All residues were allowed to mutate, and default parameters were used for MSA generation. PROSS provided seven designs, each comprising several mutations. A design with 12 mutations (the one with the highest number of mutations) was selected for experimental testing to increase the probability to obtain a significant effect on folding. The designed and codon-optimized gene of eGFP containing the 12 mutations was ordered from Gen9 Bio Inc. Initial assays indicated that this designed variant has reduced fluorescence. Reversing one of the mutations, V68G, which is near the chromophore, led to des11, the designed variant with restored fluorescence, which is described in this work.
Screening for eGFP mutants with increased or decreased GroEL dependence
E. coli MGM100 cells in which the chromosomal GroEL and GroES genes are under control of the arabinose promoter (18) were transformed with pMALc2 containing the gene for mutagenized or wild-type eGFP and then spread on LB plates containing 100 g/ml ampicillin, 50 g/ml kanamycin, and 0.1% arabinose. Single colonies were then picked and grown for 2 h at 37°C in 50 l of LB medium containing 100 g/ml ampicillin, 50 g/ml kanamycin, and 0.1% arabinose. The cells were then centrifuged at 12,000 rpm for 2 min, and the pellets were washed with 50 l of LB medium containing 100 g/ml ampicillin and 50 g/ml kanamycin. The cell pellets were then resuspended in 25 l of LB medium containing 100 g/ml ampicillin and 50 g/ml kanamycin. LB plates (preincubated at 37°C for 1 h) containing 100 g/ml ampicillin, 50 g/ml kanamycin, 0.5 mM isopropyl ␤-D-thiogalactopyranoside, and either 0.1% arabinose or 0.1% glucose were divided into two parts that were then spotted, respectively, with 4 -7 samples of 3 l of cell suspensions expressing mutant or wild-type eGFP. The plates were incubated at 37°C for 6 h and then at room temperature for 12 h. The plates were then scanned using a fluorescence imager (Typhoon FLA 9500; GE Healthcare) with an excitation filter at 473 nm (blue LD laser) and an emission filter of LPB (510LP). The respective average fluorescence intensities, ϽFϾ, of the spots corresponding to mutant and wild-type eGFP on each plate were then determined. The value of the ratio ϽFϾ mut / ϽFϾ wild-type is expected to be higher in the presence of glucose than arabinose when the mutant is less GroEL-dependent than wild-type eGFP and lower when the mutant is more GroEL-dependent than wild-type eGFP.
Protein purification
Purification of wild-type eGFP and its mutants was carried out as described previously (30) . GroEL was purified by growing E. coli TG1 cells harboring the plasmid pOA overnight at 37°C in 2ϫ YT medium containing 50 g/ml ampicillin. The overnight culture was diluted 1:100 in 2ϫ YT medium containing 50 g/ml ampicillin, grown overnight at 37°C, and harvested. The cells were then resuspended in lysis buffer (20 mM Tris-HCl buffer, pH 7.5, containing 60 mM KCl, 10 mM MgCl 2 , 2 mM DTT, 0.1 mM EDTA, and 0.5 mM PMSF) and disrupted using sonication. The cell lysate was centrifuged at 20,000 rpm for 30 min at 4°C, and the supernatant was subjected to 55% ammonium sulfate precipitation. The pellet obtained after centrifugation at 18,000 rpm for 30 min was kept at 4°C and then resuspended in buffer A (50 mM Tris-HCl, pH 7.5, containing 0.1 mM EDTA, and 1 mM DTT) and loaded on a HiTrap Q FF column pre-equilibrated with buffer A. The elution was carried out using a step gradient of 0 -1 M NaCl in buffer A. The GroELcontaining fractions were combined and subjected to ammonium sulfate precipitation as above. The pellet was then resuspended in G10K buffer (50 mM Tris-HCl buffer, pH 7.5, containing 10 mM KCl, 10 mM MgCl 2 , and 1 mM DTT) and loaded onto a Superdex 6 column (Amersham Biosciences Pharmacia) equilibrated with G10K buffer. The GroEL-containing fractions were combined and subjected to ammonium sulfate precipitation and centrifugation as described above. The pellet was then resuspended in MES buffer (50 mM MES, pH 6.0, containing 1 mM EDTA, 1 mM DTT, and 25% methanol) and loaded on a MonoQ column (Amersham Biosciences Pharmacia) equilibrated with MES buffer. GroEL was eluted using a 0 -1 M NaCl gradient in MES buffer. The GroEL-containing fractions were then pooled and subjected to acetone precipitation. The pellet was resuspended in G10K buffer, and aliquots of the protein were snap-frozen in liquid nitrogen and stored at Ϫ80°C. Protein concentrations were determined as described (31) .
Folding assays
Wild-type or mutant eGFP was denatured in 200 l of 30 mM HCl at a final concentration of 12.5 M and incubated at 25°C for 1 h. The denatured protein was then diluted 100-fold in 200 l of refolding buffer (50 mM MOPS, pH 7.0, containing 100 mM 5 Please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.
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KCl, 5 mM DTT, and 0.0125% Tween 20), in the absence or presence of GroEL, and folding was monitored at 25°C by exciting at 465 nm and measuring the emission at 509 nm using an ISS PC1 spectrofluorimeter with slit widths of 1 mm (8-nm bandwidth). The oligomer concentrations of GroEL were varied from 0 to 7 M. All the experiments were carried out using siliconized test tubes. The slope of the initial linear change in fluorescence as a function of time, V, was then plotted as a function of the total concentration of GroEL, [EL] T , and the data were fitted using OriginPro 8 to the following equation,
where V max is the slope in the absence of GroEL, [U] T is the total concentration of unfolded eGFP, and K is the dissociation constant for the unfolded protein with GroEL. Equation 1 was derived for the scheme EL ⅐ U^U 3 F, where F stands for the folded state, assuming tight binding. Alternatively, folding can also occur, whereas the protein is associated with GroEL as described by the scheme: F 4 EL ⅐ U^U 3 F. In such a case, zero velocity is not reached in the presence of excess GroEL and the data were fitted to Equation 2,
where k f and kЈ f are the rate constants of spontaneous folding and folding in association with GroEL, respectively. The values and standard errors of [U] T , K, and kЈ f /k f were obtained by global fitting.
Stability measurements
Protein stability measurements were carried out by monitoring changes in the far ultraviolet CD signal at 218 nm as a function of increasing temperature from 50 to 94°C (steps of 2°C) with an equilibration time of 5 min at each temperature before taking a reading. All the CD measurements were performed using a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, UK). The temperature was controlled using a TC125 temperature controller (Quantum Northwest, Liberty Lake, WA) and monitored with a temperature probe in the sample. All the measurements were made with a quartz suprasil cell of 1-mm path length (Hellma, Forest Hills, NY), and the protein concentration was 12 M in 10 mM phosphate buffer (pH 7.0) containing 0.0125% Tween. Values of melting temperatures, T m , were obtained by fitting the data as described before (30) .
Frustration analysis
The Frustratometer server (22) was used to quantify frustration in proteins at the single residue level that includes electrostatics. The crystal structures of eGFP (PDB code 4EUL), mouse DHFR (PDB code 1U70), E. coli DHFR (PDB code 1RH3), DapA (PDB code 1DHP), YagE (PDB code 2V8Z), E. coli NanA (PDB code 2WO5), and M. synoviae NanA (PDB code 4N4P) were used for these calculations.
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